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SYSTEM AND METHOD FOR WAVEFORM
PROCESSING

RELATED APPLICATIONS

The present application 1s a continuation-in-part of appli-
cation Ser. No. 09/728,567, now U.S. Pat. No. 6,493,653
filed on Nov. 28, 2000, and entitled “TAPPED DELAY
HIGH-SPEED REGISTER,” the disclosure of which i1s
hereby 1ncorporated by reference herein in its enfirety.

BACKGROUND OF THE INVENTION

Many applications rely on captured or recorded waveform
data for a variety of purposes, such as signal measurement
or characterization. Often, one or more signal waveforms,
such as stimulus and response waveforms, are recorded and
then analyzed to determine one or more parameters of
interest. Such processing may be involved, such as in
performing spectral analysis of captured data, or may be
relatively straightforward, as 1n 1dentifying signal transitions
within a signal waveform.

One characteristic common to most data recording appli-
cations 1s the accumulation of potentially large data sets. For
example, consider that sampling a signal at ten megahertz
for a hundred microseconds generates a thousand sample
pomts. Where high-speed sampling 1s mmvolved or where
multiple waveforms are simultaneously sampled, the num-
ber of accumulated data samples builds quickly. For
example, 1n the above-incorporated patent application, a
tapped delay line high-speed register (the “TDLR™) captures
one or more channels of high-speed data based on digitizing
laser-based distance measuring waveforms.

Often, data 1s collected or captured in one location or
sub-system, and then processed i another. The challenge
then 1s to make these large accumulated data sets available
for processing 1n timely fashion, which may be problematic
in terms of moving the data around within a processing
system where data transport speeds are practically limited.

Indeed, 1n some 1nstances, moving large amounts of
capture data around within a processing system may prove
impractical, or at least undesirable. Thus, an approach to
handling waveform data in a way that minimizes the need
for transporting 1t between processing subsystems would
reduce overhead. This reduction in overhead may be par-
ticularly advantageous 1n processing systems with limited
bandwidth, or with extensive, real-time processing activities
that limit the systems’ ability to devote much processing
fime to data transport between processing sub-systems.

BRIEF SUMMARY OF THE INVENTION

The present invention 1s an apparatus and method for data
reduction, particularly i the context of processing digitized
waveform data. In applications where potentially large
series of digitized waveform data must be managed, the
present invention provides data clustering techniques that
provide salient waveform information, such as information
about waveform transitions, while reducing or eliminating
the need for an associated processing system to retrieve the
full set of waveform data.

As applied to the TDLR for waveform digitization as
disclosed in application Ser. No. 09/728,567, the present
invention processes one or more digitized waveforms
(capture channel data) and provides a supporting or associ-
ated processor with a reduced data set comprising salient
waveform information. In particular, clustering 1n this appli-
cation provides the supporting processor with sample num-
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bers corresponding to signal transitions, thus eliminating the
need for the system processor to examine potentially lengthy
sequences of waveform samples to detect such transitions.

As an example, a wavelorm may be digitized as a sample
set of discrete waveform samples, recorded as ones or zeros
depending on whether the sampled waveform was above or
below a reference threshold at each sample instant. Capture
post-processing 1n accordance with one embodiment of the
present mvention entails processing the sequence of binary
values to 1dentify which samples correspond to signal tran-
sitions. As an 1illustration, assume the capture data consists
of five hundred sequential samples, with a zero-to-one
transition at the one-hundredth sample and a subsequent
one-to-zero sample at the three-hundredth sample. Post-
processing reduces the sample set to 1identification of these
signal transition points, greatly reducing the information that
must be transferred to the system processor.

Post-processing may be implemented as a data reduction
circuit using a microcontroller or microprocessor, but is
preferably implemented using programmable logic or using
custom 1ntegrated circuits. Implementation of the post-
processing functionality 1 logic circuitry permits substan-
tially parallel processing of the captured waveform data,
allowing fast data reduction operation. The post-processor
circuit may also serve other functions in accordance with
particular system needs. For example, with respect to the
TDLR, the post-processor circuit may provide a data and test
interface between the TDLR and the main system processor.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a graph of exemplary wavetform digitization 1n
accordance with the present invention.

FIG. 2 1s a simplified diagram of an exemplary post
processor operating in cooperation with a tapped delay line
high-speed register.

FIG. 3A 1s a graph of an exemplary data waveform.

FIG. 3B 1s a graph of an exemplary set of capture
waveforms derived from the data waveform of FIG. 3A.

FIG. 4 1s a graph of exemplary data clustering in at least
one embodiment of the present invention.

FIG. § 1s a simplified diagram of an exemplary architec-
ture for the post processor of FIG. 2.

FIG. 6 1s a more detailed diagram of the post processor of
FIG. 5.

DETAILED DESCRIPTION OF THE
INVENTION

The earlier incorporated co-pending application Ser. No.
09/728,56"7 details operation of a tapped delay line high-
speed registers, otherwise referred to as the “TDLR.” In
operation, the TDLR digitizes a binary valued waveform as
a sequence of sample values, with the sample timing set by
a high-speed digital delay line. At each sample point, the
TDLR records the state of the input waveform in a memory
clement comprising part of a “capture channel” as either a
“one” or a “zero,” indicating whether the input waveform to
the TDLR was high or low at the sample mstant. Operation

of the TDLR 1s further discussed in the co-pending patent
application entitled “SYSTEM AND METHOD FOR

DELAY LINE TESTING,” which i1s also incorporated
herein by reference 1n 1ts enfirety.

Waveform digitization in accordance with the above
description 1s illustrated in the graph of FIG. 1. Signal 1
transitions from low to high at some first point relative to
time T, and at a second, later time, signal 1 transitions back
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to zero, thus forming a pulse. By sampling signal 1 at regular
intervals relative to T, a system may determine approximate
times for the rising and falling edges of signal 1 with respect
to time T, and may further determine an approximate pulse
width of signal 1. In the 1llustration, signal 1 transitions from
low (0) to high between sample points T and T,. Signal 1
remains high (1) until experiencing a low going transition
between sampling points T, and T, ;. Thus, signal 1 may be
represented as an 1nitial string of 0’s corresponding to
sample times T,—T, followed by a string of 1°s correspond-
ing to sample times T.—T,,, followed by a terminating string

of 0’s corresponding to sample times T,,—T,..

FIG. 2 1llustrates a TDLR-based application where one or
more wavelorms are digitized and stored 1n accordance with
the above description. A comparator bank 220 generates one
or more binary signals (CHO, CH1, and CH2) based on
comparing an i1nput data signal to one or more reference
thresholds. A TDLR 230 receives the binary-valued input
waveforms from the comparator bank 220, and digitizes
them 1n a corresponding number of capture channels 270.
Capture timing 1s controlled by the propagation of a start
signal through a high-speed digital delay line 290. Operation
of the TDLR 230 1s detailed in the earlier incorporated
co-pending application. A data interface 320 within the
TDLR 230 iterfaces the capture registers 270 to a post
processor or data reduction circuit 260, which 1s configured
for data reduction operations in accordance with at least
some aspects of the present invention. The post processor
260 serves an mtermediary role between the TDLR 230 and
an assoclated microprocessor 240,

In preferred embodiments, the TDLR 230 digitizes or
records an input waveform as a sequence of 512 binary
values, with each value i the sequence captured at a
successive delay interval determined by the delay line 290.
For example, capture channel 270-1 records 512 samples of
the mput signal CHO, while capture channel 270-2 simulta-
neously records the same number of samples of signal CHI.
Likewise, capture channel 270-3 simultaneously digitizes
the mput signal CH2. Of course, the TDLR 230 may have a
fewer or a greater number of capture channels 270, and the
input waveforms may or may not be generated by the
comparator bank 220. In any case, the digitized data held in
the TDLR 230 represents long sequences of binary values
that, absent operation of the post processor 260, must be
transterred to and processed by the microprocessor 240.
Because the microprocessor 240 1s, 1n exemplary
applications, more concerned with the offset timing of the
pulses within the input waveforms (e.g., CHO—CH2), it is not
necessary to transfer the entire contents of each capture
channel 270 to the microprocessor 2440).

Indeed, in many practical implementations, the data and
control interface between the TDLR 230 and the micropro-
cessor 240 will be limited 1n the amount of data that can be
transterred between the two devices 1n a given amount of
time. Thus, 1t may be practically desirable to minimize or
reduce the amount of data that must be transferred from the
TDLR 230 to the microprocessor 240. In a more generalized
sense, 1t will be commonly desirable to reduce the amount
of digitized waveform data that must be transferred from an
acquisition sub-system to a processing sub-system.

FIG. 3A 1s a graph illustrating a typical data signal pulse
in laser-based distance measuring applications of the TDLR
230, while FIG. 3B 1illustrates a typical output from the
comparator bank 220 for the data signal pulse shown 1n FIG.
3A. The graph of FIG. 3B assumes that the reference
threshold for the CHO signal 1s lower than that of the CHI1

signal, and that, likewise, the reference point for the CHI1
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signal 1s lower than that of the CH2 signal. Thus, the TDLR
230 digitizes a set of related pulses of varying widths
determined by the characteristics of the data signal and of
the comparison thresholds i1n the comparator bank 220. It
should be understood, that the data signal may 1tself com-
prise a series of pulses so that the input waveforms
(CHO—CH2) to the TDLR 230 may themselves comprise a

plurality of pulses rather than just a single pulse per input
channel.

FIG. 4 illustrates data clustering in accordance with at
least some embodiments of the present invention. While
operation on the sequence of values captured in a capture
channel 270 of the TDLR 230 is illustrated, 1t should be
understood that the data reduction techniques of the present
invention can be more broadly applied to any system where
digitized waveforms are processed.

FIG. 4 1llustrates a binary valued waveform having at
least two pulses 1n series. Two rows of numbers are depicted
below the waveform, with the top row indicating the binary
values of corresponding waveform sample values, and the
bottom row depicting the corresponding discrete sample
numbers. Waveform processing involves 1n at least some
embodiments of the present invention, identification of the
sample numbers corresponding to waveform transition
points.

In the 1illustration, the mmput waveform transitions from
low to high (0 to 1) between sample numbers 4 and 5,
remains high until transitioning low again between sample
numbers 7 and 8. The waveform remains low until transi-
tioning high again between sample numbers 502 and 503,
and remains high until a final low going transition between
sample numbers 506 and 507. The first pulse may be
identified by specifying the corresponding high-going and
low-going transition points 1n the mput waveform.

Thus, the first high going transition in the input waveform

may be denoted as FOT (0) where FOT means “First Over
Threshold,” and the “(0)” indicates the first detected high-
going transition in the input waveform. Thus, the FOT (0)
value equals 5, indicating that the first FOT event occurred
at sample number 5. The corresponding NUT (0) value is 8,
indicating that the corresponding “Next Under Threshold”
event occurred at sample number 8. Stmilarly, for the second
detected pulse 1n the input waveform, the FOT (1) value
equals 503, while its corresponding NUT (1) value equals
507, mdicating that the second detected pulse ran from
sample number 503 to sample number 507. Again, these
sample numbers are exemplary only and correspond to the
illustrated wavetorm of FIG. 4.

With the above framework in mind, the data reduction
circuit 260 received 512 discrete wavelform samples from
the TDLR 230, yet needs only report two pairs of sample
numbers to the microprocessor 240 to completely describe
the salient features of the captured waveform. Specifically,
the data reduction circuit 260 reports the sample number
pairs, FOT(0)/NUT(0) and FOT(1)/NUT(1), corresponding
to the two pulses contained in the captured waveform. With
this scheme, the amount of data transterred between the
TDLR 230 and the microprocessor 240 1s greatly reduced.
As alluded to earlier, the same beneficial reductions 1n data
transfer requirements may be applied in a broad range of
data acquisition applications.

The above example may be extended to include multiple
captured waveforms, with the data reduction circuit report-
ing sample numbers for signal transitions or other events in
cach of the captured waveform sample sets. Further, the
FOT/NUT scheme may be extended to provide for reporting
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essentially any number of successive pulses 1n a singled
captured waveform, or may be altered to report any salient
event of interest 1n the captured data set. For example, the
data reduction circuit may report other statistics for a
captured sample set, such as the number of high sample
value occurrences, or a summary of the number of separate
pulses within a signal captured waveform, or the offset and
width of the largest recorded pulse. Obviously, any number
of other parameters may be determined for captured wave-
form data and reported by the data reduction circuit 260.

FIG. 5 1llustrates an exemplary arrangement from the data
reduction circuit 260. In the illustration, the data reduction
circuit 260 comprises cluster data memory 262, data/
addressing and control circuits 264, feedthrough and latch-
ing circuits 266, and access control circuits 268. Preferably,
the data reduction circuit 260 provides an interface between
the TDLR 230 or, 1n more general terms, a data acquisition
device, and the microprocessor 240. Preferably, the data
reduction circuit 260 accommodates the data and control bus
scheme i1mplemented on the microprocessor 240. Such
microprocessor 1nterface buses are well understood by those
skilled 1n the art and allow the data reduction circuit 260 and
the TDLR 230 to be mterfaced to the microprocessor 2440 as
memory-mapped 1I/0 circuits, or other such standard periph-
eral interface circuits. Preferably, the data reduction circuit
260 provides a feedthrough function so that the micropro-
cessor 240 can directly access and control the TDLR 230
when desired. This might be usetul when, for example, the
microprocessor 240 wants to directly write to or read from

the TDLR 230.

The cluster data memory 262 holds the reduced data set
provided by the data reduction circuit 260 to the micropro-

cessor 240. While this reduced data set preferably comprises
the FOT/NUT values for one or more TDLR capture chan-
nels 270, 1t may include a variety of other 1tems, such as the

additional waveform parameters discussed earlier.

Here, the data/addressing and control circuits 264 read
data from the TDLR control channels 270, and provide the
reduced data set for storage 1n cluster data memory 262. In
a more generalized application, the data/addressing and
control circuits 264 would be configured to accommodate
the needs to the data acquisition device (e.g., waveform

digitizer) to which the data reduction circuit 260 was
attached.

The feed-through and I/O latch circuits 266 provide
access to the data and address lines of the TDLR 230 and
allow the microprocessor 240 to directly read from and write
to the TDLR 230. The TDLR access control circuits 268
provide the TDLR 230 with control lines, such as read,
write, and chip select based on the read/write and select
activities of the microprocessor 240 to facilitate direct
access and control of the TDLR 230 by the microprocessor
240. It should be understood that these mterface and control
features of the data reduction circuit may be modified or
altered as needed 1n non-TDLR applications.

FIG. 6 provides exemplary details for the internal struc-
ture of the data reduction circuit elements illustrated 1n FIG.
5. The capture data memory 262 preferably comprises
blocks of embedded memory, such as static RAM (SRAM),
which holds the FOT and NUT values for each capture
channel in the TDLR 230. The TDLR data/addressing and
control circuits 264 preferably comprise address generators,
which may be counters, and shift registers for bringing 1n the
sequential binary data from the TDLR capture channels 270,
and further includes processing logic for identifying the
signal transition points or other events of interest in the
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binary sequences read 1n from the TDLR 230. This process-
ing logic provides the FOT/NUT sample number pairs for
storage 1n the capture data memory 262.

Finally, the feed-through and I/O latching circuits 266 and
TDLR access control circuits 268 comprise a collection of
logic circuits that create a buffered address and data bus for
use by the data reduction circuit 260 and TDLR 230 that
may be passed through or interconnected with the micro-
processor address and data buses.

The data reduction circuit 2600 may be realized 1n some
form of programmable or configurable logic. Advantages of
forming the data reduction circuit 260 in this manner include
the ability to process much of the sequential data retrieved
from the TDLR 230 in parallel, with attendant reductions in
processing time. For example, 1n the 1llustrated example,
sequential data from a TDLR capture channel 270 1s read
into the data reduction circuit in 16-bit blocks or words.
Each of these 16-bit words may be presented to the pro-
cessing logic of the data/addressing and control circuits 264
as parallel sets of 16 bits (binary valued samples). Thus, the
processing logic of the data reduction circuit 260 may be
made to process wavelform samples 1n parallel, with signifi-
cant speed advantages over the serial processing associated
with conventional microprocessors.

Technologies that provide exemplary bases for imple-
menting the data reduction circuit 260 include but are not
limited to field programmable gate arrays (FPGAs), com-
plex programmable logic devices (CPLDs), and application
specific integrated circuits (ASICS). It should be noted that
with the range of programmable or custom logic systems
available, data acquisition and data reduction functions may
be integrated 1nto a common device. As an example, the data
reduction circuit 260 and the TDLR 230 may be 1mple-
mented together 1n an ASIC device.

Of course, the structure of the data reduction circuit 260
may, as noted earlier, be altered to suit the particular
interface needs of the microprocessor 2440, or of the particu-
lar waveform digitization device used. Again, the use of
coniligurable logic circuits 1n implementing the data reduc-
tion circuit 260 allows significant flexibility 1n terms of
varying 1ts implementation details. For example, the bus
interface presented by the data reduction circuit 260 to the
microprocessor 240 may be varied as needed to accommo-
date differing types of microprocessors that may use ditfer-
ent bus timing or different control signals.

In any case, the above discussion includes illustrative
details that are exemplary only and should not be considered
as limiting the scope of the present mmvention. Indeed, the
scope of the present mvention 1s limited only by the fol-
lowing claims and their reasonable equivalents.

What 1s claimed is:

1. A circuit receiving a sequence of binary digits repre-
senting a waveform and generating a reduced output for
further processing, said reduced output comprising a set of
sequence numbers corresponding to transitions 1n said
sequence of binary digits, said circuit comprising;

a first data mterface operative to receive said sequence of

binary digits;

a second data interface operative to output said set of

sequence numbers; and

processing logic operative to generate said set of sequence
numbers by processing said sequences of binary digits.
2. The circuit of claam 1 wherein said circuit comprises a
field programmable gate array (FPGA).
3. The circuit of claam 1 wherein said circuit comprises a
complex programmable logic device (CPLD).
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4. The circuit of claim 1 wherein said circuit comprises an
application specific integrated circuit (ASIC).

5. The circuit of claim 1 further comprising a waveform
digitizer operative to generate said sequence of binary digits
based on digitizing an 1nput waveform.

6. The circuit of claim 5 wherein said waveform digitizer
comprises a digital delay line-based waveform capture cir-
cuit operative to sample the 1nput waveform at discrete
sample times corresponding to successive delay taps defined
by said digital delay line.

7. The circuit of claim 1 wherein said first data interface
COMprises:

an address generator and assoclated address bus operative
to generate address values for reading out said
sequence of binary digits from memory address loca-
tions 1n an associated waveform digitizer storing said
sequence of binary digits; and

a data bus operative to receive said sequence of binary
digits read out from the waveform digitizer.

8. The circuit of claim 1 wherein said second data
interface comprises a read interface operative to interface
said circuit with an assoclated processor, such that the
assoclated processor can read out said set of sequence
numbers from said circuit.

9. The circuit of claam 8 wherein said second data
interface comprises data memory operative to hold said set
of sequence numbers for transfer to the associated processor.

10. The circuit of claim 1 wherein said processing logic
comprises an arrangement of logic circuits operative to
identify transition points in said sequence of binary digits.

11. The circuit of claim 10 wherein said logic circuits
comprise logic gates operative to generate cluster data
identifying sequence numbers corresponding to said transi-
fion points.

12. The circuit of claim 10 wherein said logical circuits
comprise logic gates operative to generate sets of sequence
numbers as sequence number pairs based on 1dentifying a
first transition 1n said sequence of binary digits where said
binary digits change from a first value to a second value, and
identifying a second, subsequent transition where said
binary digits change back to said first value.

13. The circuit of claim 12 wherein said first data interface
further comprises data memory, and wherein said logic gates
further comprise memory interface circuits operative to
write said sequence number pairs 1nto said data memory.

14. A circuit comprising:

a digital delay-line based waveform digitizer operative to
generate a sequence of binary digits based on sampling
an 1mput waveform at discrete sample points timed by
said digital delay line; and

a data reduction circuit operative to receive said sequence
of binary digits from said waveform digitizer and to
generate sets of sequence numbers corresponding to
transitions within said sequence of binary digits.

15. The circuit of claim 14 wherein said data reduction
circuit comprises a logic device operative to 1dentily
sequence numbers corresponding to said transitions within
sald sequence of binary digits, wherein a sequence number
1dentifies a position of a binary digit within said sequence of
binary digits representing a transition from a first binary
value to a second binary value.

16. The circuit of claim 14 wherein said data reduction
circuit comprises a field programmable gate array (FPGA).

17. The circuit of claim 14 wherein said data reduction
circuit comprises a complex programmable logic device
(CPLD).

18. The circuit of claim 14 wherein said data reduction
circuit comprises an application specific integrated circuit

(ASIC).
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19. The circuit of claim 14 wherein said waveform
digitizer and said data reduction circuit comprise portions of
an 1ntegrated circuit device.

20. The circuit of claim 14 wherein said data reduction
circuit comprises processing logic operative to identify pairs
of sequence numbers corresponding to a first transition in
said sequence of binary digits from a first digital value to a
second digital value, and to a second, subsequent transition
back to said first digital value.

21. The circuit of claim 20 wherein said data reduction
circuit further comprises data memory operative to hold said
pairs of sequence numbers.

22. The circuit of claim 21 wherein said data reduction
circuit further comprises a first data interface operative to
interface said data memory to an external processor.

23. The circuit of claam 14 wheremn said waveform
digitizer comprises:

a digital delay line comprising a succession of inter-

connected delay stages, each said delay stage providing
a delay tap output signal corresponding to a delay line
sample time; and

at least one capture channel comprising a set of digital
capture registers, ecach said digital capture register
having a data input commonly connected to a wave-
form 1nput, and having a capture clock input individu-
ally connected to a respective one of said delay tap
output signals, such that each said capture register
records a binary state of an input waveform at one of
said delay line sample times;

wherein said capture channel captures said sequence of

binary digits processed by said data reduction circuit.

24. The circuit of claim 14 wherein said data reduction
CIrcult COmprises:

a first data interface operative to store said set of sequence
numbers, and to transfer said set of sequence numbers
to an external processor;

a second data interface operative to receive said sequence
of binary digits from said waveform digitizer; and

processing logic operative to generate said set of sequence
numbers based on processing said sequence of binary
digits.

25. A method of reducing data transfer between a wave-
form digitizer that digitizes a waveform as a sequence of
binary values and an associated processor concerned with
processing the binary values, the method comprising:

determining which binary values i said sequence of
binary values represent waveform transition points;

storing sequence numbers for said binary values corre-
sponding to said transition points; and

transferring said sequence numbers to the associated
ProCESSOT.

26. The method of claim 25 further comprising generating
sald sequence of binary values based on sampling an 1nput
waveform at discrete sampling points.

27. The method of claim 26 wherein sampling an 1nput
waveform at discrete sampling points comprises recording
digital samples of said input wavelorm at sampling 1ntervals
determined by a digital delay line, wherein said digital delay
line comprises successive delay stages, each successive
delay stage representing a successive delay interval.

28. The method of claim 25 further comprising determin-
ing pairs of sequence numbers corresponding to a related
pair of transitions i1n said sequence of binary values.
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29. The method of claim 28 further comprising transter-
ring said pairs of sequence numbers to the associated
ProCessor.

30. The method of claim 25 further comprising determin-
ing sequence numbers corresponding to one or more tran-
sition points in a plurality of sequences of binary values
corresponding to a like plurality of digitized waveforms.

31. The method of claim 25 further comprising identify-
ing a pulse width of a pulse 1n said digitized waveform by

identifying a first digital value 1n said sequence of digital 10

values corresponding to a change 1n said digital values from

10

a first value to a second value, and i1dentifymng a second,
subsequent digital value corresponding to change 1n said
digital value back to said first value.

32. The method of claim 31 further comprising storing a
pair of sequence numbers corresponding to said first and
second digital values.

33. The method of claim 32 further comprising storing a
plurality of pairs of sequence numbers corresponding to
pluralities of associated said first and second digital values.

G ex x = e
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